Abstract. The collision velocities with Mars of the known periodic comets with perihelion distances less than the orbital radius of Mars 1.52 au are calculated and statistically analyzed. The velocity distribution shows that short-period comets usually have smaller collision velocities than the long-period comets whether they are numbered or unnumbered. For comets with period P ≤ 270 y, most collision velocities with Mars are less than 30 km s −1 . These velocities are smaller than the corresponding collision velocities with Earth. Based on the similarity of the velocity distributions of the comets and meteoroid streams, meteor showers on Mars are discussed briefly.
Introduction
It is well known that comets, as they near the perihelion of their orbits, release large numbers of dust grains (Kirkwood 1861) due to the normal process of gas ejection. These particles, namely meteoroids, leave the cometary nucleus at speeds which are significantly less than the orbital velocity of the comet (Whipple 1951) . In consequence, these meteoroids move on almost the same orbits as the parent comets, gradually drifting ahead and behind the comet because of small differences in orbital period. After a time interval of a few tens of cometary periods, the meteoroids will have spread all the way around the cometary orbit (Steel 1994; Williams 1996) . At this stage, meteors (which are produced by the impact of the stream meteoroids with the atmosphere of the Earth) can be observed whenever the Earth passes through the cometary nodes. In principle, there could also be meteor showers on Mars or any other planets with an atmosphere whenever the planet encounters a meteoroid streams.
Meteoroids strike the Earth with a velocity that is similar to the orbital velocity, that is, several tens of kilometers per second. At such velocities, dust impacts can affect all phases of spacecraft operation (Beech et al. 1995 (Beech et al. , 1997 McBride 1997; McBride & McDonnell 1999) . For example, the Mir-1 solar panels were damaged on the night of the Perseid meteor shower maximum (Lenorovitz 1993) . The ESA Olympus communications satellite may have been disabled by a Perseid meteoroid (Caswell et al. 1995) . As Mars exploration is entering its second era, Mars-orbiting spacecraft and ground operations, both manned and unmanned, are similarly vulnerable to meteoroid impact. In addition to this potential danger, meteor shower on Mars are of scientific interest. Mars may be an ideal vantage point to view meteors, with emphasis on determining the compositions and structures of meteoroids and comets with perihelia beyond Earth's orbit (Adolfsson et al. 1996; Christou & Beurle 1999; Treiman & Treiman 2000) . The undertaking of missions to Mars brings an opportunity to extend our knowledge of the meteoroid stream complex to a wide range of the heliocentric distances.
As the meteoroid stream orbit and the orbit of the parent comet are very similar, the velocities of both at one astronomical unit should be very similar. Unfortunately, most comets do not produce meteoroid streams that can be intersected by the Earth while many of the minor meteor showers do not have an identified parent comet. For this reason, Hughes & Williams (2000) have investigated the velocity distributions of comets and meteor streams, and found these to be very similar. They found that the velocities of short-period comets at Earth are generally small. As the distributions were similar, they concluded that the meteor population did mainly come from the short period comets. Most comets do not of course collide with Mars, nor indeed with the Earth. In this paper, we calculate the velocity that periodic comets would have on impact with Mars having adjusted the argument of perihelion so as to make such a collision possible. We investigate the distribution of these velocities and briefly discuss the implications for meteor showers on Mars.
Comet-Mars collision velocity
As already mentioned, we are going to adjust the argument of perihelion, ω, of cometary orbits so that the heliocentric distance of the node, r N , is equal to 1.52 au. Clearly one can only do this for those comets whose perihelion distance is less than 1.52 au, and whose aphelion distance is greater than this value. Hence we search through the catalogue given in Marsden & Williams (1996) and select all comets that satisfy the above. For each selected orbit, the change in ω required to make the nodal distance 1.52 au is then calculated and a new orbit is defined with the correct value of ω. In reality, changes in the argument of the perihelion can introduce secular changes in the orbital inclination and the eccentricity. We shall ignore this since it is hard to calculate and is unlikely to alter the distribution of velocities, though of course changing individual values.
Assuming Mars moves in the ecliptic plane and its orbit is circular, the comet-Mars collision velocity V is given as (Hughes & Williams 2000 )
where G is the constant of gravitation, M is the mass of the Sun and r m is the heliocentric distance of Mars. i, p, e, a and q are the inclination, semi-parameter, eccentricity, semi-major axis and perihelion distance of the cometary orbit, respectively. In fact, the orbit of Mars has an eccentricity of 0.0934 and an inclination of 1.
• 85. Any resultant small changes in the values of individual impact velocities do not affect the distribution of these velocities in a systematic fashion (Babadzhanov & Obrubov 1992 ) and so we shall not correct for this.
As G = 6.6726 × 10 −11 Nm 2 kg −2 , M = 1.9891 × 10 30 kg and r m = 1.52 au = 1.52 × 1.4960 × 10 11 m, Eq. (1) becomes
In order to calculate the true impact speed with Mars, V i , the effect of the gravitational field of Mars has to be taken into account. Hence, a term of 2GM m /R m = 25.28 km 2 s −2 is added to Eq. (2), where M m and R m are the mass and radius of Mars, respectively, giving the true comet-Mars impact velocity V i as
Using Eq. (3), we calculate the comets-Mars impact velocities of all comets within the correct perihelion and aphelion range that have data given in Marsden & Williams (1996) . In Table 1 we give the results for all numbered periodic comets that have more than one recorded perihelion passage and where the perihelion distance is less than 1.52 au. Table 1 that have P < 20 y. The lower histogram is the distribution of impact velocities of all the 47 numbered periodic comets given in Table 1 .
In Table 2 the results are given for the unnumbered periodic comets similarly selected. In addition, 6 comets are included (and denoted with the symbol " * ") that have been discovered since 1996 and the data for these are taken from Minor Planet Center (MPC) web site.
Inspection of Table 1 shows that the impact velocities of most of the short-period comets are smaller than those of the long-period comets. The mean impact velocity of the 37 comets with a period less than 20 y is 16.70 km s −1 while the median impact velocity is 15.86 km s −1 . The corresponding mean value for all the comets in Table 1 is 21.07 km s −1 while the median impact velocity is 17.31 km s −1 . All these values are smaller than the corresponding values on Earth as found by Hughes & Williams (2000) , and is not unexpected as the Keplerian velocity decreases with heliocentric distance. Figure 1 shows two histograms of the number of comets as a function of impact velocity. The lower histogram is for all the comets given in Table 1 , while the upper histogram is for the sub-set of comets in Table 1 that have a period less Marsden & Williams (1996) which have perihelion distance q < 1.52 au and have been observed at more than one apparition. The orbital inclinations and eccentricities are denoted by i and e. V is the velocity before adding the contribution from the acceleration due to the gravitational field of Mars. than 20 years. It can be seen that the impact velocities of the short-period comets (P < 20 y) are less than 30 km s −1 and most lie between 10 and 20 km s The velocity distribution of the unnumbered comets given in Table 2 shows the same characteristic as the numbered Table 2 . The calculated impact velocities, V i , between Mars and those un-numbered periodic comets given in Marsden & Williams (1996) which have perihelion distance q < 1.52 au. The orbital inclinations and eccentricities are denoted by i and e. V is the velocity before adding the contribution from the acceleration due to the gravitational field of Mars. Figure 2 shows two histograms of the number of comets as a function of impact velocity. The upper one is for the 37 comets with P ≤ 270 y in Table 2 and the lower histogram is for remaining 38 comets in Table 2 . The velocity distribution in the upper histogram is similar to the histogram for all the numbered comets shown in Fig. 1 , with most of the calculated impact velocities lying in the range between 10 and 25 km s −1 . For the 38 comets shown in the lower histogram, the impact velocities are all larger than 20 km s −1 and most in fact lie between 30 and 55 km s −1 . Looking in more detail at Tables 1 and 2 , we find the high impact speed is associated with high orbital inclination. The reason for this is easy to see from Eq. (3). There is one term in the equation (2( q(1+e) r m ) 0.5 cos i) that is large and negative for small values of i, but decreases with increasing i and becomes positive when i > π/2. Most short period comets have low inclinations and long period comets generally have high inclinations. Hence, though there is no direct connection between period and impact velocity, it is still true that a high impact velocity will only arise from long period comets.
Meteor shower on Mars
Meteors are the visible effects produced by the ablation of a meteoroid following its impact with the upper atmosphere. Meteor showers are the consequence of the Earth intersecting a stream of meteoroids and we have already outlined the connection between meteoroid streams and comets. The height in the atmosphere at which meteoroid ablate depends on the atmospheric density and the impact velocity. If we accept the conclusions of Hughes & Williams (2000) that the impact velocity of comets and meteoroids are similar and also compare their velocity distribution with ours as found above, we conclude that meteoroids will impact Mars with a slightly lower velocity than with the Earth. The atmosphere of Mars is thinner than that of the earth, but does not decay as rapidly and, perhaps by coincidence, the two effects essentially cancel each other so that, according to Adolfsson et al. (1996) , meteoroids will ablate on Mars at a height of about 120 km, essentially the same height as where ablation takes place on Earth. Hence, meteor showers should be visible on Mars just as on Earth. The brightness of a meteor is related to the impact velocity as well as meteoroid radius and density. Hughes (1978) , Hughes & Williams (2000) gives the magnitude of a meteor as
where M is the zenithal visual magnitude of the meteor, m (g) is the mass of the causative meteoroid and V i (km s −1 ) is the impact velocity of the meteoroid with the atmosphere. A, B and C are constants which are dependent on the model of atmosphere.
Hence, we should expect the magnitude of a meteor on Mars to be larger (ie the meteor fainter) than a meteor caused by an identical meteoroid on Earth. Hence, we should expect to see fewer visible meteors as the many faint meteors seen on Earth would not be observable on Mars. Adolfsson et al. (1996) has investigated this in some detail and showed that meteoroids with speed (≥30 km s −1 ) would produce meteors of similar brightness in the atmospheres of both Earth and Mars; lower speed meteoroids would however be fainter in Martian atmosphere.
In Tables 1 and 2 , there are 12 comets among the comets with period <200 year that have a calculated impact speed with Mars ≥30 km s −1 . Of course, many of the comets with longer periods also have a large impact velocities with Mars, but long period comets are not generally associated with known meteoroid stream at Earth, probably because the time interval over . These histograms show the distribution of impact velocities of the unnumbered periodic comets given in Marsden & Williams (1996) that have q < 1.52 au. The upper is for 37 comets with orbital period P ≤ 270 y, and the lower for the remaining 38 comets with 270 < P < 960 y.
which the comet is active and so producing meteoroids is very short compared to the orbital period. Any potential stream dissipates long before the meteoroids can spread along the orbit. We also note that in producing the results reported in Tables 1 and 2 , the argument of perihelion was artificially adjusted so as to force the orbit to cross the ecliptic at 1.52 au. Many of these cometary orbits do not in reality pass close to Mars. Hence, it is incorrect to imagine that all the comets listed will produce a visible meteor shower on Mars if the impact velocity is in the correct range of values. Using the real orbits, Christou & Beurle (1999) identified only 1P/Halley and 13P/Olbers as comets that potentially likely to generate bright meteors on Mars. Treiman & Treiman (2000) suggested that 45P/Honda-Mrkos-Pajdusakova should be added to this list of comets that can produce bright Martian meteors.
However, we must also remember that in order to cause many of the potential catastrophes mentioned in the introduction, the meteor does not need to be bright. Many more comets pass close to the Martian orbit than pass close to Earth's orbit. Of the periodic Mars-crossing comets, 56 approach Mars' orbit within 0.15 au (Treiman & Treiman 2000) . This suggests that Mars may experience many more faint meteor showers than Earth. These can be detected by radio and in future missions to Mars, a radio detector should be included on the payload so that the risk of damage to equipment in the Martian environment can be properly assessed.
